Background The Fundamentals of Laparoscopic Surgery (FLS) trainer box is now established as a standard for evaluating minimally invasive surgical skills. A particularly simple task in this trainer box is the peg transfer task which is aimed at testing the surgeon's bimanual dexterity, hand-eye coordination, speed, and precision. The Virtual Basic Laparoscopic Skill Trainer (VBLaSTÓ) is a virtual version of the FLS tasks which allows automatic scoring and real-time, subjective quantification of performance without the need of a human proctor. In this article we report validation studies of the VBLaSTÓ peg transfer (VBLaST-PTÓ) simulator. Methods Thirty-five subjects with medical background were divided into two groups: experts (PGY 4-5, fellows, and practicing surgeons) and novices (PGY 1-3). The subjects were asked to perform the peg transfer task on both the FLS trainer box and the VBLaST-PTÓ simulator; their performance was evaluated based on established metrics of error and time. A new length of trajectory (LOT) metric has also been introduced for offline analysis. A questionnaire was used to rate the realism of the virtual system on a 5-point Likert scale. Results Preliminary face validation of the VBLaST-PTÓ with 34 subjects rated on a 5-point Likert scale questionnaire revealed high scores for all aspects of simulation, with 3.53 being the lowest mean score across all questions. A two-tailed Mann-Whitney test performed on the total scores showed significant (p = 0.001) difference between the groups. A similar test performed on the task time (p = 0.002) and the LOT (p = 0.004) separately showed statistically significant differences between the experts and the novices (p \ 0.05). The experts appear to be traversing shorter overall trajectories in less time than the novices. Conclusion VBLaST-PTÓ showed both face and construct validity and has promise as a substitute for the FLS for training peg transfer skills.
longer periods due to complex hand-eye coordination skills, limited field of view, and reduced haptic feedback [1] . The Fundamentals of Laparoscopic Surgery (FLS) program has been developed to address the issue of evaluation of laparoscopic surgical skills [2] . The FLS trainer box consists of five tasks: peg transfer, pattern cutting, ligation loop, suturing with intracorporeal knot tying, and suturing with extracorporeal knot tying. The FLS program and the trainer box are approved and distributed by SAGES. Validation studies of the FLS tasks have been reported in the literature [3, 4] . Passing FLS has become part of board certification in laparoscopic surgery in the US.
Virtual reality (VR)-based training simulators are becoming common in the surgical training curricula [5, 6] . VR trainers allow objective quantification of surgical skills in real time without the need for proctors, provide unlimited training materials, and a safe training environment [7, 8] . With funding from the National Institutes of Health, we have started work on developing the virtual version of the FLS tasks. The Virtual Basic Laparoscopic Skill Trainer (VBLaSTÓ, Rensselaer Polytechnic Institute) program has both hardware and software components (discussed below), which allow surgeons to perform the virtual FLS tasks using tool handles that are used in the actual FLS toolbox. Although FLS is the standard for board certification in laparoscopic surgery, it requires trained proctors to administer and score the tests. Moreover, the materials need to be constantly replenished. The VBLaSTÓ system is designed to replicate the FLS tasks with the added advantage of objective automated scoring and the possibility of providing the exams throughout the year instead of during a select conferences and at select centers where the FLS exams are currently administered.
In this work we present face and construct validation of the virtual peg transfer simulator (VBLaST-PTÓ).
VBLaST-PTÓ is capable of high-quality multimodal user feedback with an automated scoring system [9] that is modeled after the scoring system for FLS. In this study we aimed to establish the quality and accuracy of the simulator through face and construct validation studies. In the case of construct validity we tested the hypothesis that the mean scores obtained from VBLaST-PTÓ are significantly different for both the groups.
Materials and methods
The two main components of the VBLaST-PTÓ simulator are the hardware and software modules which work together to provide high-fidelity simulation. In this section we provide a brief description of these two components. We also lay out the design of the validation experiments.
Simulation software
The simulation software involves modeling the peg board, pegs, and the tools along with interactions between them. In VBLaST-PTÓ all six pegs are modeled as rigid objects. While the pegs in the FLS toolbox are not perfectly rigid, they are rather stiff. Our user study does not indicate loss of fidelity based on this assumption. The pegs interact with the rigid peg board (Fig. 1 ) that has 12 posts arranged differently, six on each side. During the simulation, two tool graspers are used to manipulate the position and orientation of the pegs. All the interactions are modeled to provide high-quality force feedback.
In order to detect ''picking,'' the position and orientation of the tool jaws were tested with respect to the peg. The picking condition is satisfied only when the tool jaws are on either side of the peg and the jaws are tightened over the peg. If the peg is picked, we use a virtual coupling Fig. 1 Snapshots of the simulation during various stages of the peg transfer task mechanism [10] to separate the visual and haptic representations in order to create picking interactions such as collision of the peg with the peg post and with the other tool. This method renders reasonably accurate forces while displaying appropriate positions for the tool and the peg. The stiffness of the forces is fine tuned based on feedback from the surgeons. Besides the interactions, we also automatically record various metrics for offline analysis. We record (1) position of the tools, (2) velocity of the tools, (3) roll angle of the tools, (4) time stamp for state change of each peg, (5) overall time to complete the task, and (6) state of the peg. Each peg can have three states: it can be picked by one tool, two tools, or not picked at all.
The software can automatically detect events, including dropping of pegs, transfer of pegs between tools, and release of pegs. The software can also decompose the subtasks and provide a detailed analysis of time taken and trajectories for each subtask. This is accomplished through interpreting the state of each peg. A Matlab script (MathWorks, Natick, MA, USA) is generated automatically at the end of the task, displaying the statistics of the subtasks. Other metrics such as length of trajectory can be obtained automatically once the task is completed.
Hardware
We have developed a specialized hardware interface for the VBLaSTÓ that can be utilized for all the tasks with minor modifications. The main advantage of our design is its versatility and its ability to use exactly the same tool handles as used in the FLS toolbox. Two PHANTOM
Ò

Omni
TM haptic devices from SensAble Ò Inc. (Wilmington, MA, USA) are used for force feedback. These devices are placed within an aluminum structure as shown in Fig. 2A . The aluminum structure also allows for placement of the tools that interface with the haptic devices. Trocars are fitted into a two-axis gimbal mechanism. This gimbal arrangement allows for rotation in the left-right and forward-backward directions. The rotation and translation of the tool about its own axis is also possible with the trocar assembly.
Three-degrees-of-freedom force feedback is provided with a maximum of 3.3 N. A BEI Duncan 0.5-in. linear potentiometer is connected to each tool (Fig. 2B ) using a simple attachment that converts the angular motion of the tool handles to the linear motion of the potentiometer. This linear motion, interpreted as an analog voltage signal, is digitized and fed to the simulation software using ADU100 analog-to-digital converter form Ontrak Ò control systems. We take advantage of the tool-haptic device attachment to directly read the tool articulation from roll angles of the haptic device.
Experimental design
Volunteer subjects were recruited for this Institutional Review Board (IRB)-approved study at the Massachusetts General Hospital (MGH), Boston, and at the Learning Center at the 2012 meeting of the Society of American Gastrointestinal and Endoscopic Surgeons (SAGES) held in San Diego, CA. We have categorized subjects into two groupsexpert and novice-based on their experience level. Those in PGY 4-5, fellows, and practicing surgeons were considered ''experts'' and those in PGY 1-3 were ''novices. '' Before the start of the experiment, subjects were asked to fill out a questionnaire detailing their demographics and previous laparoscopic surgery experience. The subjects were then shown an instructional video describing the peg transfer task. Subjects were given up to two practice trials to become familiar with the procedure and the system. They were then asked to perform one trial of the peg transfer task in the FLS tool box and in the VBLaST-PTÓ simulator. The order in which the simulators were presented to each subject was randomized. After the completion of the tasks, the subjects were asked to answer a feedback questionnaire consisting of nine questions (Table 1) , comparing various aspects of the VBLaST-PTÓ with the FLS peg transfer task. The questions related to visual appearance, haptic feedback, 3D perception, tool movement, and overall quality and reliability of the simulation as a training and assessment tool. Each question can be rated on a 5-point Likert scale, with 5 representing very good/very satisfactory and 1 representing very poor/ not satisfactory.
For construct validation we have used metrics that are modified from the proprietary ones developed for the FLS [13] , with approval from the SAGES FLS committee. The scoring metric is based on completion time and errors. While the formulas are those used in the FLS, a different normalization factor has been used in order to arrive at the final score. The normalization factor is chosen to be the best score obtained in the expert group.
In addition to the established metrics of error and time, we present studies involving the length of trajectory (LOT) that quantifies the amount of tool movement in terms of distance travelled by the tool tip in order to complete the task. The total length of hand movement for each hand was computed from the time at which the first peg was picked until the last peg was transferred, and the average for the left and right hands was used to compute the LOT for each subject. The LOT was then analyzed for establishing differences between the two groups. IBM SPSS 18.0 was used for statistical analysis.
For face validity, descriptive statistics for both the combined and the individual feedback scores for expert and novice groups were computed. A two-tailed Mann-Whitney U test was used to differentiate the responses of the groups. For the completion time and LOT, a two-tailed Mann-Whitney U test was used to differentiate the scores between the two groups because of non-normality of the data, which was tested using the Shapiro-Wilk test.
Results
The simulator runs on a desktop computer equipped with a 2.66-GHz Core2 Quad CPU supported by 2.75 GB of physical RAM and two NVIDIA GeForce 8800 GTX graphics cards. The simulation cycle runs at more than 1,000 Hz, providing high-quality force feedback. Figure 3 shows the setup of the simulator.
The breakdown of the subjects based on experience level from the demographics data collected during the study is shown in Fig. 4 . Sixteen experts (PGY 4-5, fellows, and practicing surgeons) and 18 novices (PGY 1-3) participated in the present study. The results from the face validation study are given in Table 2 . The table gives the mean and standard deviation of the scores obtained from the feedback study for each of the nine questions. VBLaST-PTÓ received high mean scores from the feedback study. The Mann-Whitney U test, comparing the difference of opinion between expert and novice groups, did not show any significance for all the questions. This suggests that there was no difference of opinion between the two groups on all the questions. The lowest mean score received was 3.53 for the quality of instrument handling. The highest mean was 4.08 for the realism of rendering of the target objects. This implies that the VBLaST-PTÓ simulator is satisfactory in all the aspects of simulation quality that were examined. Strong agreement among the subjects was evident from the low standard deviation. The maximum standard deviation was 1.05, which was reported 
1
Please rate the degree of realism of the target objects (how realistic they look) in the VBLaST task environment, compared to the corresponding task environment in FLS 2 Please rate the degree of realism of instrument handling (how realistic it feels) in the VBLaST, compared to that in the FLS 3 Please rate the degree of overall realism of the VBLaST simulation (how it looks and feels), compared to the corresponding FLS task 4
Please rate the quality of the force feedback (sensation of feeling the tools on the target and in the task space) in the VBLaST compared to the FLS 5 Please rate the degree of usefulness of the force feedback (sensation of feeling the tools on the target and in the task space) in the VBLaST in helping your performance 6 Please rate the usefulness of VBLaST simulation in learning hand-eye coordination skills, compared to the FLS 7 Please rate the usefulness of VBLaST simulation in learning ambidexterity skills, compared to the FLS 8 Please rate the degree of overall usefulness of the VBLaST in learning the fundamental laparoscopic technical skills compared to the FLS for the quality of force feedback. The maximum score received for all nine questions was 5.0. We computed the scores for the FLS and the VBLaST-PTÓ for comparison. Figure 5 shows the box plot of the scores for the novice and expert groups for both FLS and VBLaST-PTÓ. For VBLaST-PTÓ, the scores are computed using the scoring system mentioned above. A clear difference in the scores is observed in both plots. However, the scores for VBLaST-PTÓ are more spread out for both experts and novices compared to those for the FLS. A two-tailed Mann-Whitney U test performed on the scores of VBLaST-PTÓ showed that there is a statistically significant (p = 0.001) difference between the groups. FLS also showed a significant difference between the groups (p = 0.008).
The box plots in Fig. 6 show the results of the analysis of the completion time for both the groups. The plots show a lower completion time for the experts on FLS and VBLaST-PTÓ. However, the overall time taken is lower on FLS compared to VBLaST-PTÓ for both groups. This may be attributed to the differences in handling the system interfaces and to the newness of the system. We expect this difference to decrease with repeated trials. A two-tailed Mann-Whitney U test performed on the data showed that the completion time between the two groups was statistically significant, with p = 0.001 for VBLaST-PTÓ and p = 0.02 for FLS (see Table 3 ). The outliers shown in Figs. 5 and 6 did not drop any pegs (except for outlier subject 33) but instead had unusually high completion Fig. 3 A VBLaST-PTÓ simulator setup. B Subject performing on the VBLaST-PTÓ module Fig. 4 Plot showing the subject distribution across experience levels times compared to the rest of the subjects in their respective skill group.
An advantage of the VBLaST-PTÓ is that metrics other than just error and time can be captured in a relatively straightforward manner. One such metric is the LOT, as discussed above. The results from the analysis of the LOT and the two-tailed Mann-Whitney U test are given in Table 3 . Figure 7 shows the box plot for the LOT To see the correlation between the task completion time and the LOT, a scatter plot is provided in Fig. 8 . The data show a good linear fit, with r 2 = 0.75. Spearman's correlation analysis of the average LOT and completion time shows that they are highly correlated (q = 0.813, p \ 0.001). A k-means analysis shows that most of the experts are concentrated at the lower-left portion of the graph (blue ellipse), indicating that they take less time with minimal tool movement. On the other hand, the plot shows that the novice group is scattered over a wider portion of the graph, indicating a large variation in the skill level in this group. There are novices whose LOT is higher compared to that of most experts while completing the task in less time. However, with experience we expect (yet to be shown empirically) this group of novices to reduce excessive movements while completing the task faster and eventually become part of the expert cluster. This is expected since some novices may have better motor skills due to experience with video games, for example [11] .
Discussion
Development of skills for laparoscopic surgery requires special training and practice. FLS was developed for this purpose. It has been validated and is established as a standardized test for certification in laparoscopic surgery. On the other hand, with the improvement of computing hardware, virtual simulators have become alternative training sources for surgeons, especially in MIS. Virtual reality trainers have many advantages such as elimination of animal cadavers or other costly training material during the training phase, training in special pathological cases, and long-term cost effectiveness [12] . As a part of the initial effort to incorporate the well-established FLS tasks into a virtual reality trainer, we present the validation of the VBLaST-PTÓ simulator.
Some examples of simulators that incorporated tasks similar to FLS include LAP Mentor (Simbionix USA, Cleveland, OH) [13] , Lap-X (Epona Medical, Rotterdam, the Netherlands) [14] , and LapVR TM (Immersion Medical, Gaithersburg, MD) [15, 16] . However, such simulators must undergo validation before they can be used for performance evaluation. Commercial virtual simulators that involve FLS-like tasks are deficient because some of them, e.g., LapVR TM , do not have exactly the same FLS tasks while others, such as Lap-X, have not been validated. LAP Mentor is an essential task module developed to train novices in basic tasks such as camera manipulation, handeye coordination, clipping, grasping, cutting, and electrocautery. LAP Mentor provides tasks similar to those of FLS and have been validated recently [17] . However, the tasks provided are part of the simulator which has expensive custom hardware, and the scoring system adopted is not similar to that used in FLS.
In this article we reported face and construct validation studies of a virtual peg transfer simulator being developed to perform the FLS tasks. VBLaST-PTÓ was found to exhibit good face validity and was capable of differentiating among skill levels. In addition to time and error, we have introduced length of trajectory as an additional metric that may be automatically measured in a virtual simulator and provide additional means of discriminating between skill levels.
LOT has been shown to have a strong correlation with the FLS scores [18] . LOT was also used by some researchers [15] [16] [17] 19] as a metric to differentiate skill LOT-L and LOT-R represents LOT for left and right hand, respectively * Mann-Whitney U test Fig. 7 Box plot comparing the average LOT (in cm) for expert and novice groups on VBLaST-PTÓ simulator levels. However, others propose modification of the LOT metric. For example, Chmarra et al. [20] showed that for simple goal-oriented tasks, LOT as a metric works only during the ''seeking'' phase. They showed that there is no significant difference between skill groups for the ''retraction'' phase of the task. Various other metrics like velocity profiles [21] , force/torque signatures [22] , and jerk [23] can also be extracted to differentiate skill levels. One can also use a set of predefined signatures that are independent of the task to differentiate skill levels [24] . We intend to utilize the recorded position and velocity data to perform further analysis in order to find other signatures that differentiate novices from experts. On completion of the VBLaSTÓ, we plan to perform predictive validation to ensure that skills learned in the virtual environment translate to the operating room.
